Abstract Bioethanol production from rice-straw is carbon neutral and less competitive with food supplies, so it provides great possibilities for resolving global issues. This study aims to conduct economic and environmental evaluations on rice-straw bioethanol production in Vietnam, where huge amounts of unused rice-straw are available, by a top-down life-cycle assessment by means of an inputoutput table. The economic impacts are evaluated by total costs, total production, and total added value; the environmental impacts are assessed by greenhouse gas emissions with consideration of life-cycle, i.e., the plant construction phase, production phase, and plant scrapping phase. Three technology scenarios are assumed: (1) present technology, (2) advanced technology with higher conversion rates, and (3) innovative technology with a new production method and economies of scale. The results demonstrate that, first, rice-straw bioethanol production can reduce annual gasoline consumption by more than 20 %, and plant construction costs account for 8-22 % of the total investment in Vietnam. Second, under the present technology, both economic and environmental net benefits are negative. However, the innovative technology makes both benefits positive. Third, under the advanced technology, the environmental net benefit is positive, while the economic net benefit is negative. This implies that satisfying economic viability is more difficult than attaining environmental viability in rice-straw bioethanol production. Therefore, technological development and transfer are necessary to make rice-straw bioethanol production feasible.
Introduction
A reduction in emissions of greenhouse gases (GHG) is a critical issue for sustainable growth of economies and mitigation of global warming. One effective strategy to reduce GHG is the promotion of renewable energy such as bioethanol, solar power, and wind power. Bioethanol can be carbon neutral and directly substituted for fossil oil used in vehicles. In particular, if bioethanol is produced from non-edible parts of agricultural products, it can be less competitive with food supplies. As the prices of fossil fuels and food are rising, researchers as well as business organizations pay great attention to bioethanol produced from rice-straw, a by-product of rice production. Hence, it is called second-generation bioethanol.
Vietnam produces crude oil but has only one refinery within the country. The crude oil is exported to neighboring countries, such as Singapore, to be refined and then reimported. Even with a rise in world oil prices, Vietnam does not benefit because the rise in imported oil prices cancels the export benefit. On the other hand, Vietnam is one of the largest rice-exporting countries, so there are huge amounts of rice-straw burnt or left unused in the fields. If rice-straw can be used as an energy source, Vietnam can receive economic benefits. In this sense, Vietnam has a great economic motivation to produce rice-straw bioethanol. As that symbol, an experimental rice-straw bioethanol production was launched at the Ho-Chi-Minh City University of Technology with support from JICA (Japan International Cooperation Agency) and JST (Japan Science and Technology Agency) in 2010. The authors participated in this project. The project is called ''Sustainable Integration of Local Agriculture and Biomass Industries'' and aims to commercialize rice-straw bioethanol plants across Vietnam. This study drew experiences from this project.
Environmental effects of bioethanol production are generally evaluated by life-cycle assessment (LCA). There are several previous studies applying LCA to bioethanol production in Thailand (Silaertruksa and Gheewala 2009; Nguyen et al. 2007; Papong and Malakul 2010) , China (Ou et al. 2009; Fukushima and Chen 2009) and Japan (Saga et al. 2010; Koga 2008; Ueda 2011) . These studies pointed out that the substitution of bioethanol for gasoline consumption reduced GHG emissions, but some of the studies ignored other related processes, such as agricultural production and scrapping of a plant. Furthermore, the degree of improvement varied with differences in the raw material crop and the country (von Blottniz and Curran 2007) , so LCA should be modified according to the objects and country.
Economic efficiency of bioethanol production using corn in the US was evaluated (Urbanchuk 2009 ) and cost-benefit analysis was applied to the production plant (Polagye et al. 2007) . As for Asian countries, Hu et al. (2004) examined the economic benefits of bioethanol production using sugar cane in China. Hayashi (2010) measured the ripple effects of bioethanol produced from sugar beet in Japan. These studies showed that first-generation bioethanol production was effective under the increasing trends of oil prices in the world, if material costs were kept relatively low. As far as we know, there were few comprehensive studies that evaluate the economic viability of rice-straw bioethanol production in Asian countries where a large amount of rice-straw is produced.
The present study aims to show the economic and environmental impacts of rice-straw bioethanol production in Vietnam. This study (i) targets second-generation bioethanol production, (ii) assesses life-cycle economic and environmental effects with three different technology scenarios, and (iii) uses the 2009 input-output (I/O) table estimated from the GTAP-7 database which was commonly used in economic analyses.
Methodology

Estimation of production potential
The weight of rice-straw generated is considered proportional to the total weight of rice harvested. Thus, the available amount of bioethanol production with rice-straw, Q BE , is
where Q RICE is the annual production of unpolished rice (ton/year) published in the Statistical Yearbook of Vietnam (Statistical Bureau of Vietnam); SRR is the dry weight ratio of rice-straw to unpolished rice produced; UR is the ratio of usable rice-straw, which is currently burnt in the field against total rice-straw produced; and CR is the conversion rate.
Rice is usually grown twice or three times a year in Vietnam. The period between one planting and the next is short, so there is not enough time for rice-straw to decompose in the soil. Some farmers burn rice-straw in the field even though such burning is prohibited by the government. Some rice-straw is collected from the field for use in compost and feed of cows, but this amount is small. If farmers are paid collection costs, rice-straw can be used as a material for other purposes. Hence, the use of rice-straw as a material for bioethanol production does not degrade fertility of farmland and does not change the present style of farming and livestock feeding, if collection is not excessive.
According to a field survey in Thailand (Mori et al. 2004) , where the style of rice farming is similar to Vietnam, the value of UR was 0.2-0.6 depending on farmers, so 0.2 is used as a moderate estimation. SRR is set as 1.1 according to our field survey results in Thai-My Village near Ho-Chi-Minh City. CR is assumed to be 150 L ethanol/dry ton of straw after considering experimental data obtained from our plant in Ho-Chi-Minh City. When CR is increased under advanced and innovative technologies as explained later, the total amount of bioethanol production can be increased. However, to equally set the conditions, the total amount of production is assumed the same and some rice-straw remains unused under these technologies.
Estimation of production costs, plant construction costs, and scrap costs Since production costs vary depending on technology, three technology scenarios are assumed for cost estimation. The characteristics of each technology scenario are as follows:
• Present technology: uses the concentrated sulfuric acid hydrolysis method to hydrolyze rice-straw and uses natural yeast for fermentation. Production scale of the plant is assumed to be 20 million L/year, a minimum for commercial bioethanol plants using corn in the US.
• Advanced technology: also uses the concentrated sulfuric acid hydrolysis method and scale of plant is the same as the present technology, but conversion rate (CR = 240 L/ton) is 1.6 times higher than the present technology.
• Innovative technology: uses a new production process, Wet Disk Milling Pretreatment Method, developed by the National Institute of Advanced Industrial Science and Technology (AIST), and the conversion rate (CR = 366 L/ton) is 2.44 times higher than the present technology. In addition, scale of the plant is 70 million L/year so as to materialize economies of scale. This method first breaks down the lignin in the ricestraw with heated water and mechanochemical treatment and then simultaneously carries out both saccharification by enzymes and fermentation by yeast in a single tank. The processing time can be shortened and the efficiency of saccharification can be improved (Hideno et al. 2009 ).
Annual production costs are based on the results of previous studies. Costs under the present technology are estimated on the basis of Shiina et al. (2009) , while costs under the advanced and innovative technologies basically follow the values of Asano and Minowa (2007) . These studies categorized the production costs into material costs, management costs, repair costs, labor costs, and capital costs. In addition to these costs, we add the cost of waste treatment which is 20 % of the material costs. As for the material costs, Asano and Minowa (2007) included woody materials in addition to rice-straw. We therefore do not employ their values, but assume the material costs under advanced and innovative technology to be 63 and 41 %, respectively, of the costs under the present technology. These rates are calculated by (CR in the present technology)/(CR in both technologies). Furthermore, production costs in the previous studies are for Japanese rice-straw bioethanol plants, so they may differ from the actual costs in Vietnam. Hence, we modify these costs based on experiences in our experimental plant built in Ho-ChiMinh City. Table 1 shows the cost items, the corresponding input sectors in the I/O table and supplementary explanations about the estimations. Given these costs, a gap exists between the production costs and the market price, which is assumed to be the same as the gasoline price ($0.96/L) to compete in the market. Such a gap is fulfilled by subsidies from the government or surplus of the producers. In the I/O analysis, the total costs of rice-straw bioethanol production in the whole country of Vietnam are set equal to the input values after multiplying the unit costs (dollar per liter) by the total production calculated with Eq. 1.
Construction costs, which appear as investment input in the I/O analysis, are similarly drawn from Shiina et al. (2009) and Asano and Minowa (2007) and then modified to The material costs in the present technology consist of lapping material (27 %), transportation equipment and fuel (64 %), and wages for collection (9 %). Labor costs in Vietnam are set as 1/30 of Japanese according to differences in per-capita GDP of both countries. Material costs in advanced and innovative technologies are then calculated by multiplying the rate of (conversion rate in the present technology, 150)/ (conversion rates in the advanced and innovative technologies, 240 or 366).
Operation costs ''Chemical, rubber, plastic products'', ''Electricity'', ''Gas manufacture and distribution'', ''Transport services'', ''Finance services'', ''Insurance services'' Management costs provided by the previous studies are equally divided into the six sectors shown in the left column. Vietnamese costs as capital costs according to the methods described in Table 1 . To quantify the input values for the construction costs by sectors, the total construction costs in each technology are divided into the values in each sector by the converter, the share rate of input by sectors, of private investments in the I/O table. Here, the cost components of the bioethanol production plant are assumed to be the same as those of other plants shown in the present I/ O table 1 . Scrap costs for the plant are assumed to be 10 % of the construction costs and half of the costs are input from the construction sector and the other half from the public service sector including waste treatment. These numbers are drawn from the cost-benefit analysis of irrigation and drainage facilities in Japan.
Estimation of the latest I/O table
A top-down LCA method based on the I/O analysis has an advantage in that it easily maintains consistency in economic and environmental evaluations. We measure the ripple effects as total production and total added value induced from investments for plant construction from the annual production after plant completion and from the scrap of the plant. Induced production is then used for environmental evaluations.
A base I/O table is derived from the Global Trade Analysis Project ver. 7 (GTAP-7) database developed by Purdue University. The number of sectors in the I/O table is 57. Precise information about the sector classifications is explained by Narayanan (2011) . We use the GTAP database rather than a domestic table in Vietnam because the balance of input and output is fully satisfied in the GTAP database. In addition, the database makes available the GHG emission coefficients that are consistent with outputs of each sector.
The Vietnamese economy has rapidly grown in recent years so the GDP in 2009 was 1.8 times higher than in 2004, the reference year of the GTAP database. To reflect recent economic development, the base I/O total production. The labor costs, capital costs as annual depreciation, management surplus, and tax minus subsidies in the added value are then calculated with a converter, i.e., the share rate of these values. The values of final demand for each sector and term, i.e., consumption, investment, export, and import, are also calculated with a converter in the same way as the added value.
Induced production and induced GHG emissions Based on the estimated I/O table, the induced production (X) and the induced added value (Y) as economic impacts are estimated by the model with endogenous consumption. This model is defined as (Miyazawa 1975; Okuyama et al. 2010 )
and,
Hereafter, gothic characters show the vector or the matrix. B is the inverse matrix calculated by
; I is the identity matrix; M is the import coefficient matrix; A is the matrix of the intermediate input coefficients; C is the consumption coefficient vector that shows the consumption of each commodity against one unit of income increase; and K is the multiplier related to the income increase and calculated by K ¼ I À VBC ð Þ À1 ; V is the income coefficient vector that shows the income increased against one unit of production in each industrial sector; V 0 is the vector of the added value rate that shows the rate of the added value occupied in the production of each industrial sector; DF X is the vector of the increase in the final demand relating to the intermediate industry; DF Y is the scalar of the increase in labor income; and DF Z is the scalar of the exogenous increase in the added value except for labor income. A, M, V, and V 0 are computed from the 2009 I/O table estimated above, and C is calculated by multiplying the average propensity of consumption (0.67) with the share rate of commodity consumption in each sector.
The first term on the right side of Eq. 2 is the ripple effect induced through the industry linkage among intermediate industries (the first effect). The second term is further ripple effects induced through the following steps 1 The share rate of each component for plant construction of a Japanese experimental plant in Akita is 54.8 % for machinery-andequipment and 45.1 % for construction, whereas shares in investments 48 and 52 %, respectively. Since detailed components of plant construction are unknown and a corporate secret, the share rate of private investments is used in this study.
(the second effect). The first effect improves labor income as labor costs in each sector and then increases consumption that becomes demand for intermediate production in each sector. This process repeats at the next stage by increasing consumption with some leakage through savings until the increased production converges with zero 2 . The third term shows another ripple effect caused by exogenous income, inducing consumption through an increase in the intermediate demand (the third effect). As shown by a comparison of Eqs. 2 and 3, this model does not consider induced production caused by an increase in DF Z .
DF X is respectively substituted with the construction investments of the plant, expenses for annual production regarding with intermediate inputs, and expenses for scrapping the production plant. DF Y is respectively substituted by the labor costs required for production as labor income, surplus occurring from the gap between selling price and production costs, and subsidies (as negative input) from the government to meet the total needed costs at market price. DF Z is substituted by capital costs.
From the induced production calculated by Eq. 2, the environmental impacts of the induced emissions of GHG are estimated as
where E is the vector of the GHG emission coefficient in each sector. This coefficient corresponds to the amounts of GHG emitted by the unit-production. All GHG emissions are expressed in CO 2 equivalents. Emissions data for calculation of this coefficient are drawn from the GTAP-7 database. Carbon contained in bioethanol itself is evaluated as zero because it is carbon neutral according to the measurement method used in the Kyoto Protocol, even though GHG emitted through production of bioethanol is counted.
Life-cycle assessment (LCA)
To comprehensively evaluate economic and environmental impacts, life-cycle costs (LCC), life-cycle production (LCP and LCY), and life-cycle GHG emissions (LCE) are measured. LCC consists of all costs used for bioethanol production from the construction phase to the scrapping phase. This index can be defined as
where C is the total cost; c t is the annual cost in year t; and superscripts inv, prod, labor, capital, and scrap show the life-cycle phases, i.e., the initial construction phase, production phase with regard to intermediate input, production phase with regard to labor costs, production phase with regard to capital costs and scrapping phase. r is the discount rate to evaluate the present value of future costs. The value of r is set at 6.7 %, which equals a nominal interest rate of 15 % minus inflation rate of 8.3 %. LCP and LCY are respectively the total induced production and the total induced added value during the lifecycle of the plant. That is
where SX and sx are the summation of elements by sectors in X in Eq. 2 with regard to total costs and annual costs; Y and y are the induced added value and induced annual added value calculated by Eq. 3, respectively; and the superscripts surplus and subsidy show surplus for suppliers and subsidies from the government during the production phase. The total GHG emissions during the life-cycle of the plant (LCE) are
where GHG is the total GHG emitted in each life-cycle phase and calculated by Eq. 4.
Results and policy implications
Available production potentials and costs Figure 1 shows the potential of rice-straw bioethanol production across the whole country in 2009. The Mekong Delta region accounts for more than 50 % of the total production. The total production potential corresponds to 22 % of the 2 The ultimate ripple effects calculated by the second term may not be realized in 1 year in the real economy. Previous studies considered income-induced effects as the first step just one time. However, this study considers the whole effects including future effects because the study aims to evaluate impacts during whole life-cycle periods. As shown in the latter part, 75-85 % of total income-induced effects come from the first step and the rest depend on the subsequent processes in Vietnam. Hence, the evaluation employed here does not show values different from the evaluation using only the first step.
Paddy Water Environ (2013) Figure 2 shows the plant construction costs and scrapping costs in each industrial sector. Total costs for investment are large and amount to 8-22 % of the total private investments ($26321 million) in 2009. More than half of these costs relate to the construction industry, whereas 40 % of the costs are for the machinery and equipment industry. Purchases from the agricultural sector are low during the plant construction phase. However, investments for plant construction mostly occur in rural areas rather than urban areas because it is best for a bioethanol plant to be located near paddy fields to minimize the costs of transporting rice-straw. Therefore, investments for plant construction may revitalize rural economies. Figure 3 shows the unit-production cost in Japan (original values in previous studies) and in Vietnam (based on Table 1 ). Table 2 shows total costs of annual production by sectors for inputs of the I/O analysis. As explained in the former section, material costs in Japan include woody material in addition to rice-straw, whereas in Vietnam only rice-straw is used. From this assumption, the material costs in Vietnam are higher than the study in Japan. Nevertheless, one-third of the production costs are the material costs, and another third are the capital costs. According to the report of F.O. Licht GmbH and Agra CEAS Consulting (2007), 70 % of the total costs were material costs in firstgeneration bioethanol production from corn in Thailand. The material costs of rice-straw bioethanol production are low in comparison. By contrast, its capital costs are higher than the first-generation bioethanol production, because the production process is more complex. The total cost for production is $752 million (Table 2) , and this value is evaluated from the total bioethanol production and gasoline price with consideration of heat ratios. As shown by the surplus minus subsidies in the table, the profit is negative under the present technology. This loss is covered by the government as subsidies to sell bioethanol in the market. On the other hand, under the advanced technology the need for such subsidies is trivial, indicating the total cost is near the total revenue. Under innovative technology, total sales exceed the total costs with a profit from bioethanol production. Table 3 shows the LCC, LCP, and LCY calculated by Eqs. 5-7. In this table, the total cost and induced production at each life-cycle phase are shown to compare the impacts of each phase. During the construction phase, the induced production is 1.29 times higher than total input. Comparison of the three scenarios indicates that construction costs under the present technology are the highest. This is because many small-scale plants have to be constructed under the present technology scenario. However, there are few differences in the values of the multiplier among the technologies because the converter of the construction investment for a bioethanol plant is assumed to be the same in all technologies.
Economic impacts
The annual operation costs regarding to intermediate inputs induced approximately 1.1 times higher production, whereas labor costs induced 0.94-0.99 times higher Fig. 3 Annual bioethanol production costs in Japan and Vietnam. Production costs in Japan are the original costs of previous studies. Costs in Vietnam are estimated according to Table 1 . The exchange rate used here is $1 = 100 Yem These values are calculated by multiplying the unit cost in Fig. 3 by the total production potential in the whole country. In this table, material costs, operation costs and maintenance costs are decomposed to relating sectors. Calculation methods are shown in Table 1 . Values correspond to total costs in the whole country and to the input values for I/O analysis Paddy Water Environ (2013) 11:411-421 417 production. The multiplier during the annual operation phase is slightly lower than during the plant construction phase. The scrap costs as input induced the highest (1.8 times higher) production. This is because the construction and public sectors relating to scrap phase tend to produce their products domestically. In general, the multiplier in Vietnam is low compared to other countries such as Japan where the multiplier for private investment is 2.38 (in 2000). This is because of a high import rate especially in the chemical and manufacturing industries closely related to bioethanol production. Furthermore, the rate of labor costs is low in the total added value in each industrial sector making the income induced effect lower.
Induced production and induced added value are the highest in the present technology because this technology has the highest input costs regarding to the intermediate sectors.
Of course, such input costs need to be covered by subsidies, so large induced production under the present technology relies heavily on subsidies, showing unfavorable growth. On the other hand, induced production under innovative technology is the lowest, but there is no need for subsidies.
The comparison between LCC and LCP shows that under the present and advanced technologies, the ratio of LCP to LCC is smaller than one and the net benefit calculated by LCP minus LCC is negative indicating these technologies are not viable. In contrast, the net benefit becomes positive under innovative technology. Table 4 shows the results of LCE by Eq. 8, the total GHG emissions during the life-cycle period, and emissions which are reduced by a decrease in gasoline consumption replaced by bioethanol. Comparisons of GHG emissions in each life-cycle phase indicate the emissions from the production phase are the largest among the life-cycle periods. This is because the chemical industry sectors which produce numerous inputs used in the annual operation phase generally have higher GHG emission coefficients than the construction sector that relates to the plant construction and scraping phases. Total GHG emissions of bioethanol under the present technology are larger than the total reduction of GHG emissions from gasoline consumption replaced by bioethanol. This indicates bioethanol production under this scenario cannot contribute to a reduction in GHG emissions. However, advanced and innovative technologies show positive contributions to GHG reduction. Comparisons between Tables 3 and 4 show the net economic benefit is negative, but net environmental benefit is positive in the advanced technology.
Environmental impacts
Policy implications
Policy implications are noted as follows. First, higher performances of the advanced and innovative technologies strongly indicate that more research and development efforts should be encouraged with the involvement of public sectors in both developed and developing countries.
Second, even under present technology, there are some rooms of reducing material costs that account for around 30 % of the total cost. Development of new collecting machines and new storage method can reduce material costs. Therefore, improvement of field technology relating to collection method as well as chemical conversion technology is also important for rice-straw bioethanol production.
Third, investments for plant construction are extremely huge, so it is difficult for only Vietnam to pay such costs. Investment funds need to be collected from foreign countries to promote investment. Although the technology of second-generation bioethanol production can be realized and is feasible in Vietnam as shown by the experimental project located in the Ho-Chi-Minh City, some difficulties in patent and costs exist for developing countries to incorporate such technology. In addition to financial assistance, technological assistance from countries that have developed the technology is needed.
Conclusions
The present study evaluated economic and environment impacts of rice-straw bioethanol production in Vietnam. We considered different technologies for production, i.e., present technology, advanced technology with a higher conversion rate, and innovative technology with a new production method and realization of economies of scale. For comprehensive evaluation, life-cycle costs, life-cycle production, and life-cycle added values were measured to determine the economic impacts, and the life-cycle GHG emissions were quantified to determine the environmental impacts.
Results demonstrated that, first, rice-straw bioethanol production can displace 22 % of annual gasoline consumption in Vietnam, if most of the rice-straw now burned in the field is used for bioethanol production. Furthermore, the total investments for plant construction are 8-22 % of the total annual investment in Vietnam, implying bioethanol production can be a large national project.
Second, construction investments for a production plant induced 1.29 times higher production than the initial investment. Annual production brought about 0.9-1.1 times higher production than the input costs. In spite of these multiple effects, total production during the life-cycle period (LCP) was smaller than the life-cycle costs (LCC) under the present and advanced technologies, because of subsidies that cover differences between costs and market price. This indicates these technologies are not commercially and macro-economically effective. Innovative technology, in contrast, showed a positive economic benefit.
Third, as for the life-cycle GHG emissions (LCE), the annual production phase emitted more GHG than the construction and scrapping phases. Under the present technology, total life-cycle GHG emissions were larger than the total reduction in GHG emissions from gasoline consumption replaced by bioethanol. However, under the advanced and innovative technologies, the total life-cycle GHG emissions were lower than the reduction in GHG emissions, showing positive contributions to total GHG emissions. Interestingly, advanced technology exhibited contrastive results with a positive environmental net benefit (GHG reduction) and a negative economic net benefit. This suggests the economic hurdle for rice-straw bioethanol production is higher than the environmental hurdle.
As shown by the above results, rice-straw bioethanol production under the present technology is difficult to accept from both economic and environmental points of view. However, rice-straw bioethanol production can be a promising investment if innovative technology is realized. Advanced technology is in between the present and innovative technologies. These estimations may not be noticed by policy makers if there is no empirical and quantitative analyses. Therefore, the analysis method employed here is useful for policy-making.
There are several issues remaining. Although LCA by a bottom-up approach with more precise inventory is not used in this study, comparisons of the bottom-up approach and the top-down approach of this study are interesting. Methodologies of this study are applicable to other countries, particularly to neighboring East Asian countries. With a similar analysis, concrete benefits for developed countries such as Japan and South Korea can be measured and provide stronger recommendations for these countries. As mentioned in the introduction, an experimental plant is already functional in Ho-Chi-Minh, Vietnam, so future studies can use more precise data from this plant to improve the analysis.
